Keywords: Shrinkage analysis (ShC) Soil porosity Earthworms Arbuscular mycorrhizal fungi (AMF) Plant root Soil structure s u m m a r y Soil biota such as earthworms, arbuscular mycorrhizal fungi (AMF) and plant roots are known to play a major role in engineering the belowground part of the terrestrial ecosystems, thus strongly influencing the water budget and quality on earth. However, the effect of soil organisms and their interactions on the numerous soil physical properties to be considered are still poorly understood. Shrinkage analysis allows quantifying a large spectrum of soil properties in a single experiment, with small standard errors. The objectives of the present study were, therefore, to assess the ability of the method to quantify changes in soil properties as induced by single or combined effects of leek roots (Allium porrum), AMF (Glomus intraradices) and earthworms (Allolobophora chlorotica). The study was performed on homogenised soil microcosms and the experiments lasted 35 weeks. The volume of the root network and the external fungal hyphae was measured at the end, and undisturbed soil cores were collected. Shrinkage analysis allowed calculating the changes in soil hydro-structural stability, soil plasma and structural pore volumes, soil bulk density and plant available water, and structural pore size distributions. Data analysis revealed different impacts of the experimented soil biota on the soil physical properties. At any water content, the presence of A. chlorotica resulted in a decrease of the specific bulk volume and the hydrostructural stability around 25%, and in a significant increase in the bulk soil density. These changes went with a decrease of the structural pore volumes at any pore size, a disappearing of the thinnest structural pores, a decrease in plant available water, and a hardening of the plasma. On the contrary, leek roots decreased the bulk soil density up to 1.23 g cm À3 despite an initial bulk density of 1.15 g cm À3 . This increase in volume was accompanied with a enhanced hydro-structural stability, a larger structural pore volume at any pore size, smaller structural pore radii and an increase in plant available water. Interestingly, a synergistic effect of leek roots and AMF in the absence of the earthworms was highlighted, and this synergistic effect was not observed in presence of earthworms. The structural pore volume generated by root and AMF growth was several orders of magnitude larger than the volume of the organisms. Root exudates as well as other AMF secretion have served as carbon source for bacteria that in turn would enhance soil aggregation and porosity, thus supporting the idea of a self-organization of the soilplant-microbe complex previously described.
Introduction
As an interface between lithosphere and atmosphere, the soils control the earth water budget via its physical properties which determine the runoff and infiltration fractions. Water quality is strongly influenced by infiltration through the soil as well. These properties result from the equilibrium between constituents, soil life, and external factors, which vary on different time and space scales. Characterizing and predicting soil physical properties and their changes with time as a function of these factors are essential. Therefore, integrated approaches aiming at better understanding interactions between physical and biological processes in the soil and with the aboveground system are encouraged (e.g. Young and Crawford, 2004) .
Many authors described soil-biota interactions based on the hierarchical aggregation model developed by Tisdall and Oades (1982) who emphasized the importance of bacteria, fungi and roots in soil aggregation (Brussaard et al., 2007; Dorioz et al., 1993; Feeney et al., 2006; Jastrow and Miller, 1991; Six et al., 2004) . For example, the physical habitat of soil bacteria in terms of aggregate (Caesar-TonThat et al., 2007; Mummey et al., 2006; Ranjard and Richaume, 2001) or porosity (Feeney et al., 2006) was investigated and led to the concept of a self-organization of the soil-microbe complex (Young and Crawford, 2004) . This concept assumes that soil structure initially defines microbial communities but is in turn modified through active microbial activities that alter pore geometry and stability. In addition, roots are known to modify the soil porosity and aggregation via direct entanglement of particles, the creation of biopores or secretion of glue-substances sticking particles together as reviewed by Angers and Caron (1998) . Similar to plant roots, AMF are a very important component of the soil system. They influence soil aggregation by binding and enmeshing soil particles into larger aggregates. They also secrete a glycoprotein called glomalin that act as a glue-substance (see Rillig and Mummey, 2006 for a review). Earthworms, as ecosystem engineers , play subsequently a very important bioturbation role on soil structure through numerous ways such as casting and burrowing activities, and the transit of the soil through their digestive system, thus promoting the formation of the organo-mineral complex .
Describing the various effects of soil life on soil physical properties is a challenge. First, because of the numerous properties to be determined, e.g. soil volume or density, soil structure and structural stability, soil pores and aggregate size distributions, water retention curve (WRC), hydraulic conductivity, mechanical properties, each property requiring a specific characterization technique. Second, because the determination must be accurate enough to assess the changes, while most physical properties have a large variability (e.g. Gascuel-Odoux, 1987; Nielsen et al., 1973; Sisson and Wierenga, 1981; Vauclin, 1982) .
The recent development of soil shrinkage analysis might overcome these limitations with determining in a single experiment many soil physical properties, namely hydro-structural stability (Schaffer et al., 2008) , soil structural and plasma pore volumes, pore volume change, soil water holding capacity and water retention curves (WRC) (Boivin et al., 2006a; Braudeau et al., 1999 Braudeau et al., , 2004 with small standard errors (Boivin, 2007) . Soil shrinkage was defined as the soil specific volume change with water content (Haines, 1923) . It has been used to assess soil structural stability and soil pore volume (Boivin et al., 2006a; Braudeau et al., 1999 Braudeau et al., , 2004 . Shrinkage analysis is based on the simultaneous and quasi-continuous measurement of soil shrinkage curve (ShC) and WRC (Boivin et al., 2004) , and the analysis of the ShC with XP (for exponential) model (Braudeau et al., 1999) or the equivalent PS (for Pedostructure) model (Braudeau et al., 2004) . XP/PS models are based on the assumption that there is a dual pore system in the soil (Braudeau, 1988b; Braudeau et al., 2004) . Fitting XP model equations on an experimental ShC allows determining the volume, air and water content of these two pore systems at any soil water content, and the slopes of the shrinkage domains which can be considered as measures of the soil hydro-structural stability (Schaffer et al., 2008) . It has been shown that the two pore systems quantified by shrinkage analysis are the plasma pores and the structural pores, respectively, long ago characterized by micromorphologists (Brewer, 1964) . Plasma pores are made of the soil colloids (SSSA, 2008) and assumed to shrink like a clay paste, i.e. with no air entry on most of the water content range. The structural pores are made of biopores, lacunar voids between plasma and skeleton, and cracks. Structural pores are assumed to be semi-rigids, hence air entry is partly compensating the loss of water in the structural pores, when the soil is drying.
Shrinkage analysis has been applied to assess the impact of clay content and clay type on soil properties (Boivin et al., 2004) , the impact of soil organic carbon on soil physical properties (Boivin et al., 2009) , and the impact of trafficking on soil pore properties (Boivin et al., 2006b; Schaffer et al., 2008) . Shrinkage analysis, however, has not been used yet to assess the physical impact of soil biota on soil.
The objective of this study was to test the potential of shrinkage analysis to assess changes in soil properties as induced by three model organisms, namely leek roots (Allium porrum L.), an arbuscular mycorrhizal fungus (Glomus intraradices Schenk and Smith) and an earthworm (Allolobophora chlorotica Savigny) in a microcosm experiment.
Materials and methods

Experimental setup, plant, mycorrhiza and earthworm
The organo-mineral horizon of an Anthrosol (IUSS, 2006) . A compartmental microcosm design was set up. It consisted of a PVC tube (35 cm height and 15 cm internal diameter) separated vertically into two equal parts by a nylon mesh (25 lm) to separate the individual effect of AMF from the root effect as roots could not pass through the mesh.
The soil was air-dried, sieved to 2 mm size aggregates, homogenized and gamma-ray sterilised (between 42 and 82 kGy) prior to repacking in each side of microcosms with six successive 5 cm thick layers of soil remoistened at 22% water content. Microcosms had a final bulk density of 1.15 g cm
À3
. Afterwards, a 20 ml soil suspension (100 g of soil dispersed in 1000 ml of autoclaved distilled H 2 O and filtered on 11 lm paper) was added to re-inoculate the sterilized soil with microorganisms, but without AMF (Koide and Li, 1989 ).
We applied a factorial design with three factors and one replicate of each treatment. The treatments were all the possible combinations of the presence/absence of three factors, thus involving four repetitions of each factor. These factors were leek (A. porrum var. Mercure, 18 days old, sown in sterilised conditions), AMF (G. intraradices, 30 g of spores and hyphae per microcosm), and endogeic earthworms (A. chlorotica, five individuals of equal biomass (1.3 ± 0.1 g) added in each side of the microcosm). This corresponds to a density of 650 individuals m À2 which is 3.4 times higher than the density found for a single endogeic species (Aporrectodea caliginosa) sampled in a maize crop according to Le Bayon and Binet (1999) . We selected an endogeic species because this kind of earthworms inhabit the organo-mineral soil horizon feeding on the soil organic matter closely linked to the mineral matrix; as a matter of fact, they consume more soil than other ecological categories to fulfil their nutritional requirements and consequently largely burrow within the upper centimetres of the soil (Lee and Foster, 1991; Capowiez, 2000) . The microcosms were kept 35 weeks in a climate chamber under the following conditions: photoperiod 16/8 h (day/night), temperature 18 ± 2°C, 50% humidity. Irrigation was performed twice a week using a modified Hoagland's nutrient solution without phosphorus (Milleret et al., 2009 ) in order to promote the AMF-plant symbiosis. Every three weeks, each microcosm was weighted and adjusted to equal soil water content with deionised water.
Sampling
After 35 weeks, undisturbed soil cores of approximately 100 cm 3 volume were removed from each side of the microcosm (i.e. with or without roots) for soil shrinkage curve (ShC) and water retention curve (WRC) measurement.
Shrinkage analysis
Quasi-continuous ShC and WRC were determined on undisturbed sub samples of approximately 100 cm 3 . The equipment and methods used are the same as presented in Boivin et al. (2004) and Schaffer et al. (2008) . Briefly, we wetted the soil samples with deionised water by applying a water potential of À1 kPa with respect to the centre of the samples.
During drying, the samples were placed on electronic balances (0.01 g precision) contained in a thermostatic chamber at 20°C.
Calibrated displacement transducers (resolution of 1 lm) were used to measure changes in sample height during drying. Tensiometers (ceramic cups; length 2.0 cm, diameter 0.2 cm) connected to pressure transducers were inserted in the middles of the samples to measure the water potential (resolution of 1 hPa). Weight, height and water potential were recorded at intervals of 5 min until the sample weights reached constant values, which took about 4 days. Then, the dry sample volumes were determined by means of hydrostatic weighing with the plastic bag method described by Boivin et al. (1990) , and the samples were dried in an oven at 105°C for 24 h to obtain the dry weight.
Changes in sample height were converted to changes in specific bulk sample volume by
where the exponent 3 denotes isotropic shrinkage (e.g. Boivin, 2007) , V E and H E are the specific bulk volume and height at the end of the experiment, and V and H are the bulk volume and height during the experiment.
The XP model equations (Braudeau et al., 1999) were fitted to the experimental shrinkage data by a non-linear simplex method (Chen and Saleem, 1986) to determine the coordinates of the transition points between the shrinkage domains ( Fig. 1) , namely shrinkage limit (SL), air entry (AE), the dry point of structural porosity (ML), and the maximum swelling of the plasma (MS). The slope of the structural shrinkage domain K str was calculated as:
where V ML , W ML , V MS and W MS are the volume and water content of the soil at MS and ML, respectively and K Bs the slope of the basic domain calculated as:
where V ML , W ML , V AE and W AE are the volume and water content of the soil at ML and AE, respectively.
Using the XP model equations for the plasma porosity given by Braudeau and Bruand (1993) , we then calculated the specific plasma porosity, V p (in cm 3 g À1 of soil), and the plasma water content,
The specific air content of the plasma, A p , was calculated as
The specific structural porosity, V s , was calculated as
where q À1 is the specific volume of the solid phase (set to 1/ 2.65 cm 3 g À1 ). The specific water content of the structural porosity, W s , was calculated as
where W is the total gravimetric water content. The specific air content of the structural porosity, A s , was calculated as
Bulk density was calculated as the inverse of the specific bulk volume, V. Plant Available Water (AW in g g À1 ) content was determined as the difference between W at MS and AE, and Easily Available Water (EAW in g g À1 ) was calculated as the difference between W at MS and ML (Braudeau, 1988a) . After ShC analysis, the undisturbed samples were broken up to measure the dry root weight in each soil sample (see below, root and AMF size distribution).
Structural pore size distribution
The simultaneous weight and tensiometer measurements were used to determine the water retention curves. Shrinkage analysis allowed calculating the plasma and structural pores water retention curves, by using the W s and W p values at any soil water content. We converted the structural pores water retention curves into the structural pore size distributions of equivalent cylindrical pores using the Jurin-Laplace equation (e.g. Lawrence, 1977) . Since only the structural pores allow air entry in the tensiometer reading pressure range, we did not apply the procedure to the plasma pores.
Root and AMF size distribution
Specific root volume per class of root diameter (750, 375, 175 and 75 lm) in the microcosms were measured as follows. First, the dried root weight per class of root diameter was measured on the root network remaining in the microcosms after the soil core sampling as described by Blouin et al. (2007) . Briefly, the roots were dried at 50°C and cut in a variable speed rotor mill (Fritsch, Laval Lab Inc., Canada) with a 2 mm sieve in order to obtain pieces of 2 mm length. Roots were placed on a sieve shaker at continuous agitation for 20 min with five successive sieves (1 mm, 0.5 mm, 0.25 mm, 0.1 mm and 0.05 mm).
A potential problem with the employed method is that roots of a smaller size may stick on a larger sieve size because the roots fell horizontally on the sieve. We, therefore, tested the method for the leek root system by visual observation of the root diameter with a binocular. We observed homogeneous root fragments within each class of diameter which allowed us to apply the method of Blouin et al. (2007) .
Root fraction in each sieve was then weighted and the ratio of the weight of each root diameter fraction on the total root weight was calculated. This ratio was used to calculate the dry root weight of each root diameter fraction contained in the soil cores from the total root weight of the cores, by taking into account the root weight in the undisturbed samples used for ShC analysis. Example of a shrinkage curve with the transition points (SL, shrinkage limit; AE, air entry; ML, macro-porosity limit; MS, maximum swelling), linear domains (residual shrinkage, basic shrinkage, structural shrinkage), and cumulated calculated specific volumes (from bottom to top: solid phase, water in plasma porosity, air in plasma porosity, water in structural porosity, air in structural porosity and bulk soil volume that is shrinkage curve) with saturation 1:1 line.
In parallel, fresh root fragments were individually weighed, scanned at high resolution and dried at 50°C overnight. The fresh and dry length, diameter, surface area and volume of the scanned fragments were subsequently calculated using an image analysis program (Image J v.1.40, National Institute of Health, USA). This allowed to determine the following regression (r 2 = 0.73, P < 0.001, n = 76) in order to convert dry weight (DW) to dry volume (DV):
The dry volume was thereafter converted in fresh volume (FV) by using the following equation (r 2 = 0.79, P < 0.001, n = 76):
The fresh volume per class diameter was finally divided by the soil core weight to have the Specific fresh Root Volume (SRV) per gram of soil (cm 3 g À1 ) for each class diameter. The Specific AMF external Hyphal Volume (SHV) per gram of soil was calculated using the hyphal length density (HLD) (m g À1 ) measured as described in Milleret et al. (2009) . HLD was determined by using an aqueous extraction and a membrane filter technique modified after Jakobsen et al. (1992) . Briefly, three replicates of a 4 g soil sample were dispersed in a sodiumhexametaphosphate solution (35 g l
À1
) and shaken for 30 s (end-over-end). After 30 min, the suspension was decanted quantitatively through a 40 lm sieve to retain hyphae, roots and organic matter, transferred with 200 ml of deionised water into a 250 ml flask and shaken vigorously by hand for 5 s. After 1 min, 4 Â 1 ml aliquots (10 s interval) were taken and pipetted onto Millipore RAWG02500 membranes (Millipore, Bedford MA, USA). The filter was finally stained in 0.05% Trypan Blue. HLD was estimated with a gridline intersect method at 250Â magnification (Newman, 1966) . HLD measurements allowed calculating the length of external hyphae in the cores. Combined with the mean hyphal diameter (15 lm), we therefore calculated the specific AMF external hyphal volume.
Statistical analysis
We performed the statistical analyses with R 2.6.0 (R Development Core team, 2007). We used three-way analyses of variance with the presence/absence of leek roots, AMF and earthworms as independent variables. The effects of independent variables were considered to be significant if the probability of the null hypothesis was 60.05.
Results
Biological activity
The quantification of the biological activity is reported in details in (Milleret et al., 2009) . Throughout the experiment, no AMF colonization was observed in non-AMF-treated sample. Leek plants were heavier and better developed with AMF and earthworms had a high activity. Earthworms reproduced actively, leading up to 49 individuals in the AMF + Earthworm + Leek treatment. This is tenfold greater than the five initial earthworms introduced at the beginning of the experiment. Their average biomass increased therefore from 1.32 to 2.99 g. In the other treatments, the number of earthworms at the end of the experiment varied between 11 and 24 individuals and the mean biomass was similar when comparing the start and the end of the experiment (around 1.3 g). This was explained by the presence of juveniles with a low biomass (about 0.01 g per individual). Table 1 shows the specific fresh root volume (SRV) per gram of soil (cm 3 g À1 ) per class of diameter as well as the total SRV and the specific AMF external hyphal volume. Roots occupied a total volume ranging from 2.6EÀ04 to 1.6EÀ03 cm 3 g À1 of soil and AMF occupied a total volume ranging from 1.1EÀ03 to 1.5EÀ03 cm 3 g
À1
of soil.
Shrinkage analysis
The bulk soil shrinkage curves and the parameters of the fitted XP model are presented in Fig. 2 and Table 2 , respectively. According to the precision of the transducers we used, the water contents were determined with a 10 À4 g g À1 resolution, soil and structural pore volumes with a 0.01 cm 3 g À1 resolution, and plasma pore volumes with a 10 À4 cm 3 g À1 resolution. Moreover, the coefficients of variation of the shrinkage parameters as determined on neighboring soil samples collected in a field were estimated as below 10% (water contents) and 3% (volumes) by Boivin (2007) , thus giving an overestimation of the standard errors associated with our measurements performed on homogenized soils. The changes commented below are larger than the corresponding errors ( Table 2 ). The samples with the AMF, Leek or AMF + Leek treatments presented a larger specific volume than the control. On the contrary, Earthworm treatment resulted in smaller specific volume of the soil than the control. Interestingly, the shrinkage curves of the control and the treatment containing Earthworm + AMF + Leek roots had a similar specific volume and water content range (Fig. 2) .
We observed a significant effect of Earthworm on the mean slope of the structural shrinkage (K str , P < 0.05) ( Table 2 ). The mean slope of the structural shrinkage was 0.26 (SE = 0.03) with earthworms whereas the slope was 0.07 (SE = 0.02) without earthworm (Fig. 3a) . The specific bulk volume (V) at SL and MS was significantly decreased by Earthworm (P < 0.05) and increased by Leek roots (P < 0.05) ( Table 2 ). The bulk soil density (q), calculated as the inverse of the specific bulk volume, was therefore increased by earthworms at SL and MS and decreased by leek roots (Fig. 3b) . The structural porosity was increased by Leek roots, AMF, and their combined effect and decreased by Earthworm at SL, AE, ML and MS points (Table 2) . Accordingly, Earthworm and Earthworm + AMF treatments reduced the plant available water (AW) and easily available water (EAW) ( Table 2 ). The compacting effect of earthworms was not mitigated by AMF, was partly mitigated by leek, and almost fully mitigated by AMF + Leek. Interestingly, the increase in structural volume observed with the Leek + AMF treatment was larger than the addition of the structural volume increase observed with the single Leek and AMF treatment, thus revealing a synergistic effect, particularly at lower water content.
Plasma pores
All the plasma volumes are close to the control except the treatments Earthworm and Earthworm + AMF (Fig. 4) . In these cases, the plasma air entry values occurred at larger soil water content than with the other treatments. Moreover, Table 2 shows that V p,SL is more than two times larger for the Earthworm and Earthworm + AMF treatments compared to the other treatments, leading to a smaller swelling capacity of the plasma (SCp). The observed differences in volumes, however, are small compared to the volume changes observed on the structural pores with the different treatments. Bulk soil properties Treatments The structural pore volumes of the Earthworm and the Earthworm + AMF treatments were similar (Fig. 5a ), smaller at every pore size than the control, and the smallest radius of structural pores were larger with Earthworm than with the control. The smaller structural pore radius was 11 lm for the control, 16 lm for the Earthworm treatment and 25 lm for the Earthworm + AMF treatment.
Structural pore size distribution
Only the Earthworm + AMF + leek roots treatment had a structural pore volume larger at every pore size than the control, and the smallest structural pore size were 3 lm radius. The cumulated pore size distributions of the different treatments including leek roots are presented in Fig 5b. The structural pore volumes with plant roots were higher than the control at any pore size, and the smallest structural pore radii were always smaller than the control. Fig. 5c shows the structural pore size distribution of the treatments containing AMF. As previously described in Fig. 5a , the curve of the AMF + Earthworm treatment was below the control curve. The three other treatment curves showed larger volumes than the control. The volumes were larger with the AMF and the AMF + Leek treatments than with the Earthworm + AMF + Leek. Unlike leek roots, AMF alone did not generated smaller structural pores than the control. The results above are enforced by the values of the air filled structural pore volumes at water saturation (À10 hPa), corresponding to the coarser (larger than 150 lm) structural pore volume (Table 1 ). The leek + AMF, AMF, and Leek treatments showed a greater air filled structural pore volume than the control and a smaller air filled pore volume for Earthworm and Earthworm + AMF treatments. Compared with the air filled structural pore volumes, the root or AMF volumes in the soil was about 3 orders of magnitude smaller.
Discussion
Shrinkage analysis revealed a different impact of the investigated soil biota on the soil physical properties.
At any water content, the presence of earthworms resulted in a decrease of the specific bulk volume and in a significant increase in the bulk soil density. The physical changes induced by A. chlorotica included a decrease of the structural pore volumes at any pore size, a disappearing of the smallest structural pore radii, a decrease in plant available water, and a hardening of the plasma. Thus, we demonstrated that A. chlorotica compacted the soil. Soil compaction by earthworms was described by some authors with tropical endogeic earthworms (see Blanchart et al., 2004 for a review). In particular, the authors suggest that in Amazonia the compaction effect was induced by rapid changes in land use and mainly due to the proliferation of an endogeic species called Pontoscolex corethrurus during the reconversion of forests to pasture (Chauvel et al., 1999) . To some extent, our experiment produces similar conditions, as the only earthworm species introduced was an endogeic species. Blanchart et al. (1997) described two functional groups within endogeic earthworms: compacting and decompacting species. They suggest that the presence of both types of earthworms is necessary to maintain the natural soil structure. If one or both types of earthworm are excluded from the soil, the initial structure is greatly affected. We also observed an increase of the slope of the structural shrinkage (K str ) with A. chlorotica, thus indicating a decrease in the hydro-structural stability of the soil upon drainage of the structural pores (Schaffer et al., 2008) 2.E-04
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Cumulated VStr (cm based on six replicated measurements of the structural stability with the wet-sieving method on the same experiment. The percentage of water stable macro aggregates (i.e aggregates > 250 lm measured in the 1-2 mm size class) was significantly decreased with earthworms. To our best knowledge it is the first time that wet sieving aggregate stability and hydro-structural stability are measured on the same samples. The good agreement between the two methods seems promising and suggests further comparison. Finally, the changes observed on plasma swelling may be attributed to more rigid particles (Tessier, 1980; Tessier et al., 1992) that is a hardening of the plasma by earthworms, which was not observed with Earthworm combined with Leek root treatments.
Although soil compaction attributed to endogeic earthworms was already reported (see above), our findings are largely in contradiction with the current knowledge of earthworm impacts on soil physical properties. Many studies highlighted a positive effect of earthworms on soil structure, soil aggregation or soil water infiltration (Edwards and Bohlen, 1996) . In particular it has been demonstrated that earthworms enhance soil stability, especially when casts are ageing and drying (Shipitalo and Protz, 1989) . We can comment on this apparent discrepancy as follows. First, most studies focused on anecic species and compared surface casts with the bulk soil. It is likely that our results apply specifically to some endogeic species. The casts of A. chlorotica are not deposited at soil surface, thus limiting ageing of the casts upon drying cycles. Second, in natural conditions earthworms population is a mix of all ecological categories (i.e. anecic, epigeic and endogeic), and soil physical properties result therefore from a complex equilibrium. The effects of functionally different earthworm species on soil aggregation have been studied and the results highlighted that different earthworm species differently affected the incorporation of fresh organic matter and soil stability, and that interactive effects between different earthworm species must be considered (Bossuyt et al., 2006) . In our experiment, one species only was used. Third, the earthworm density we used was high for endogeic species alone compared with field observed earthworm density. We applied this density to emphasize the effect of the selected earthworm, as applying a field relevant density for A. chlorotica alone would have led to negligible effect at microcosm scale. Our results draw, therefore, the attention to the possible effect of one single species proliferating, as described in a particular field case by Blanchart et al. (2004) . This also underlines the interest for further research on earthworm species interactions. The general case of multi-earthworm species in microcosm experimental conditions using shrinkage analysis in temperate soils remains, therefore, to be experimented.
On the contrary, leek roots decreased the bulk soil density despite an initial bulk density of 1.15 g cm À3 . This increase in volume was accompanied with a enhanced hydro-structural stability, a larger structural pore volume at any pore size, smaller structural pore radii and an increase in plant available water. The generated structural pore diameters were smaller and larger than the roots, volume of which was much smaller than the generated pore volumes. Leek root diameters were mostly in the range of pore diameter greater than 150 lm (Fig. 5) , which corresponds to airfilled pores at À10 hPa. This result is in accordance with O'Keefe and Sylvia (1992) who showed that AMF and root hairs were of diameter that would allow them to penetrate pores that hold water at water contents less than field capacity while root would be excluded from these pores. The new structural pores were, therefore, not generated by the mechanical effect of root growth, but most likely by the induced microbial activity and the resulting self-organization of the soil-microbe complex (Feeney et al., 2006; Young and Crawford, 2004) .
Regarding AMF, they induced a decrease in soil bulk density and structural pore volume analogous to that of roots though less pronounced. However, AMF alone did not develop small diameter structural pores. The size and volume of the generated structural pores were larger than the size and volume of the AMF, suggesting an indirect effect of the mycorrhizae.
The combined treatment revealed different interactions. Obviously, AMF could not mitigate the compaction induced by A. chlorotica, Leek roots partly mitigated the effect of the earthworm, and it is only AMF + leek root that allowed keeping soil physical properties close to the control. The effects of roots were identified as identical in all the treatments, in particular the generation of very small diameter structural pores. The structure generation due to AMF and roots revealed a positive synergistic effect at lower water content in agreement with the stimulation of plant growth by AMF. This is in accordance with studies demonstrating that the presence of plant have the greatest impact on structure generation, with AMF also contributing to accentuate soil stability (Hallett et al., 2009; Jastrow et al., 1998) . The possibility of differential AMF response to soil compaction was described by Nadian et al. (1998) . As the diameter of external hyphae is smaller than roots it may penetrate smaller pores and enhance the observed leek roots effect and stimulate plant exudates secretion, thus increasing bacterial activity.
Conclusions
In the present study, shrinkage analysis was successfully applied to the assessment of the physical impact of soil biota in soil microcosms. To our best knowledge, such application of shrinkage analysis was not reported previously. Although performed on a limited number of samples, the provided results seem promising for this kind of investigation. The advantages of the method are both the accuracy of the determination, thus revealing small changes, and the large spectra of properties determined, thus allowing a full description of small concomitant changes.
A compacting and destabilizing effect of A. chlorotica, and a de-compacting and stabilizing effect of AMF and leek roots were revealed. Interestingly, a synergistic effect of roots and AMF in the absence of the earthworm was also highlighted, and this synergistic effect was not observed in presence of the earthworm. Combining ShC and WRC analysis allowed comparing the structural pore size distribution in the sampled treatments. This analysis showed that the structural pore volume generated by root and AMF growth was several orders of magnitude larger than the volume of the organisms and that the new structural pore diameters were not the same as those of the organisms. We, therefore, show that these pores were not generated by mechanical intrusion of the biota in the soil. More likely, root exudates as well as other AMF secretion serve as carbon source for microorganisms that in turn enhance soil aggregation and porosity. These changes resulted in more porous and stable soils with larger plant available water induced by AMF and plant roots. Our results, therefore, support the idea of a self-organization of the soil-plant-microbe complex as previously suggested by Young and Crawford (2004) .
